Artificial reefs are used to protect coastal habitats and rebuild fisheries. This engineering approach to fisheries management has gained popularity in many coastal areas, including China. In Shandong province alone, over USD 50 million were invested in artificial reefs during [2005][2006][2007][2008][2009][2010][2011][2012][2013]. Have artificial reefs achieved their biological and economic objectives? We compared reef and control sites in terms of catch and value per unit effort and average body length across species, based on surveys carried out during 2012-2013. We found that in aggregate, with all fish and invertebrates combined, artificial reefs did not improve the overall catches or revenues. Instead, seasonal fluctuations were prominent. However, when we allow for species-specific differences and focus on the common fish species, we find that an artificial reef can increase the catch and value per unit effort on average by approximately 40% compared to the control sites. The difference between these contrasting results occurs because some of the dominant species that comprise the bulk of the catches did not benefit from the reef, while many of the less dominant ones did so. This underlines the importance of being specific about what is meant by "benefiting fisheries" when evaluating artificial reefs, as well as when the objectives of reef projects are formulated in the first place. The positive effects of artificial reefs can be caused by the reefs themselves and by their influence on fishing patterns. Our study was not designed to separate these effects but we suggest that in Shandong, restrictions on fishing access may have been as important as the presence of the reef itself.
Introduction
Artificial reefs (AR), engineering structures deployed on the sea floor, have been regarded as a useful tool to manage fishing activities, enhance the productivity of fish stocks, and mitigate habitat deterioration (Baine, 2001; Bortone et al., 2011) . The use of ARs varies strongly by country, with their purpose ranging from supporting recreational fishing and restricting the entry to marine protected areas to restoration and sustaining coastal fisheries. Japan has been one of the pioneers in reef technology, aided by generous subsidy programs: during 1976-1987, Japanese government invested nearly $100 million annually to construct a total of 1.4 million m 3 of ARs (Grove et al., 1989) . Over the years, ARs have been spreading to many parts of the world, including Southeast Asia (Islam et al., 2014) , the Persian Gulf (Feary et al., 2011) , North America (Thanner et al., 2006) , Australia (Branden et al., 1994) , and Europe (Santos and Monteiro, 1997; Jensen, 2002) . The development of modern ARs in China dates back to late 1970s, and has undergone an experimenting phase during 1979 -1987 (Shen and Heino, 2014 ) and a formal deployment phase since 2001 (Yang et al., 2005) . Despite the increasing popularity of AR programs worldwide, uncertainty remains regarding whether ARs achieve the intended fisheries enhancement or other objectives.
There is a long-standing debate of whether the biological effects of ARs emerge through 'attraction' where fish from surrounding areas are concentrated near a reef, without net increase in abundance, or production' where ARs increase fish abundance by providing new habitats (Pickering and Whitmarsh, 1997; Powers et al., 2003; Brickhill et al., 2005) . To date, scientists appear to embrace the attraction hypothesis (Lindberg, 1997; Feary et al., 2011; Tessier et al., 2014) , although several empirical studies have backed the production hypothesis too (e.g. Cresson et al., 2014; Lowry et al., 2014) . Osenberg et al. (2002) argued that attraction and production should be treated as end-points on a continuum; where a particular system lies along the continuum will depend on reef design and species characteristics. Indeed, existing evidence suggests that fish recruitment, aggregation, and diversity are strongly influenced by physical attributes of the reef such as structural complexity (Spieler et al., 2001) , reef size, orientation and depth (Pickering and Whitmarsh, 1997) , by local environmental factors such as sedimentation load and water circulation (Perkol-Finkel et al., 2006; Wang et al., 2016) , and by ecological processes such as predation and competition (Leitao et al., 2008) .
Compared to the progress with biological evaluations of ARs, economic evaluations of ARs have only started to emerge relatively lately. Economic evaluations include socio-economic impact and efficiency assessments (Milon et al., 2000) . Polovina and Sakai (1989) examined production change of two fisheries in Japan and found that Octopus catches were increased by 4% per 1000 m 3 of artificial reef deployed, but that the catches of flatfishes did not increase. Whitmarsh et al. (2008) showed that in southern Portugal the fishing revenue from AR sites is 1.7 times of that from the control sites. On the contrary, Islam et al. (2014) did not find benefits provided by concrete-based AR structures to the drift net users in Terengganu, Malaysia. Some studies have found that ARs can bolster local economy through ecotourism (Leeworthy et al., 2006; Kirkbride-Smith et al., 2013) , but their ability to reduce pressure on the surrounding natural reefs may be limited (Oliveira et al., 2015) . While authors may report positive or economic negative outcomes, many of them warn against the 'double-edged sword' effect of AR programs. As Milon (1989) put it, an AR that is effective in aggregating fish may jeopardize the overall economic performance of a fishery if access to the resource is not controlled.
Both consumer surplus and producer surplus approaches can be used in assessing the economic performance of ARs (Milon et al., 2000) . The consumer surplus approach is typically applied in cost-benefit analysis of demand for diving sites, demand for recreational fishing sites, and preference for marine habitat preservation, while the producer surplus is often used in measuring fishermen's profit change. Because the primary objective of ARs in Shandong is fisheries enhancement (Yang, 2016) , a producer surplus approach is more suitable in our case. Building upon Milon (1989; 2000) , Whitmarsh et al. (2008) applied value per unit effort (VPUE), defined as catch per unit effort (CPUE) times the unit price of catch, to analyse producer surplus and profits due to ARs. Although VPUE only captures partial direct-use values of ARs (Whitmarsh et al., 2008) , it has the advantage of being simple and objective, because price data reflect market information revealing people's true preferences, and CPUE data are based on biological surveys. Moreover, the motivating effect of VPUE in fishermen's targeting decisions is well documented (e.g. Marchal et al., 2007; Bastardie et al., 2013) . By contrast, methods based on interviews or questionnaires (Polak and Shashar, 2013; Islam et al., 2014) , often used in consumer surplus studies, may be susceptible to the 'cheap talk' problem (Farrell and Rabin, 1996) : the extent of the true information that is revealed might be limited when communication is direct and costless.
Our study is set out to assess the catch and income generating potential of three artificial reefs in Shandong, China. The impact of these reefs on fish biodiversity has already been presented by, e.g. Wang et al. (2016) ; here, we focus on fisheries impacts of these reefs. Specifically, we hypothesize that ARs would result in greater CPUE, VPUE, and average species size, compared to the adjacent control sites. Differing from Whitmarsh et al.'s (2008) work, we account for species-specific effects while measuring the economic impacts. The main contribution of our study is twofold. First, we are filling a knowledge gap in understanding of the socio-economic impacts of artificial reefs, in particular in China, but also more widely. Second, we show that ignoring speciesspecific differences by aggregating data may lead to misleading conclusions about the effects of artificial reefs.
The artificial reef development in Shandong
The large-scale deployment of artificial reefs (AR) in China started around 2001. Shandong, situated in the east coast of China, is a forefront province in the AR development. The deployment of AR program is closely linked to the development of sea ranching where artificial reefs are placed in the sea and hatchery-produced fish fry are released there, allowing the fry to grow in the wild. Learning from the experience of neighbouring countries (Grove et al., 1989) , Chinese government considers sea ranching as an important tool to revive the marine-based economy as its coastal fisheries are being depleted (Yang, 2016) . The depletion of coastal fisheries resources in China started to occur in early 1980s (Zhong and Power, 1997) and has continued (Cao et al., 2017) ; e.g. by 2002 over half of the economically important species in the East China Sea were severely depleted or being depleted (Ling et al., 2006) . In the case of the Yellow and Bohai Seas, the major fishing grounds for the Shandong-based fisheries, a long-term ecosystem survey showed that the overall catch rate declined from 420 kg/h to 8 kg/h during 1959 (Jin et al., 2013 .
While the definition of a sea ranch varies in China, the following characteristics are typical: (1) the primary goal is to boost fisheries production; (2) property rights and sea boundary are clearly defined; (3) the recruitment of young fish relies on fry produced elsewhere; (4) the use of artificial reefs to simulate natural habitats that allow young fish to grow naturally, with or without a limited degree of externally provided feed (Yang, 2016) . The construction of ARs constitutes a key component in the sea ranching program. In 2005, Shandong provincial government initiated a 10-year Fisheries Resources Restoration (FRR) program that greatly facilitated the deployment of ARs in the province. As of October 2013, the government had invested a total of RMB 300 million ($ USD 50 mill.) in ARs. This has led to the construction of 170 artificial reef projects, with a total volume of 10 million m 3 and occupying 15 000 ha sea floor along the coast (Shandong Provincial Department of Ocean and Fisheries, 2014 ). The operational model of AR in Shandong typically is a public-private partnership (PPP) model with three key stakeholders involved: the government, an expert panel, and a company. The government initiates a sea ranching program and provides initial funding. Experts provide technical assistance and advice during the deployment phase, especially with respect to fry cultivation and AR design. A selected company, often a former fishing company, signs a long-term lease contract with the government and is guaranteed an exclusive use of a reef area. The main source of income for AR companies is generated from cultivation of high-value bottom-living species such as sea cucumber and abalone. Some AR companies also run recreational fisheries, but the income is minor. Companies would require recreational fishers to follow a number of rules, including maximum catch per boat (e.g. 20 kg) and a ban on juvenile fish. Of the three sites in our study, one (Rongcheng) is without recreational fisheries.
Material and methods

Sampling design
We carried out surveys near three islands in Shandong, namely Lidao, Xiaoshidao, and Qiansandao, located in the cities of Rongcheng, Weihai, and Rizhao, respectively, during September 2012-August 2013 ( Figure 1 ). Our study is observational and applies to the actual operating conditions of artificial reef programs in Shandong. The ARs in these three sites were all deployed during 2005-2010 through the government-subsidized Fisheries Resources Restoration Program. The sites are managed by three different reef companies through public-private partnership models. All survey sites (including the control sites) are located within the reef area where the reef companies have exclusive access rights; we had neither control over or data on the actual fishing activity at these sites.
The site characteristics and reef material are given in Table 1 and Supplementary Figure S1 . The reef in Rizhao is twice as large as those in the other sites, and its material also differs from the others because of the greater bottom depth. Each AR site has a control site at a distance of about 800 meters. The choice of control site follows the principle that the environmental factors of a reef site and its control site should be similar (Zhang et al., 2006) . Different from the other two sites, the control site for Rongcheng has a natural reef. In order to capture seasonality, the surveys were scheduled for different months, namely September and December in 2012, and January, May and August in 2013.
We applied standardized trammelnets in our sampling. Gillnets are often used in fisheries surveys, also when studying reefs (Whitmarsh et al., 2008; Kasim et al., 2013) . Compared to simple gillnets, trammelnets effectively capture a broader size range of fish (Salvanes, 1991) . Trammelnets are also commonly used by artisanal fishermen active in the adjacent areas, in part because engine-powered bottom trawling is banned in nearshore waters. Other gears in use are gillnets, handlines, and traps. Thus, trammelnet sampling provides a measure of fish density in a way that is relevant for assessing socio-economic impacts of ARs.
The trammelnets we used are 28 meters long and 3 meters high with an outer stretched mesh size of 10 cm and an inner mesh of 4.2 cm. The hanging ratios were 0.56 and 0.44, respectively. To prevent potential damage, the bottom of the net was attached to a half-meter long rope fixed onto a rock. While placing a net, the floats were adjusted to keep the rope straight and to ensure a half-metre minimum distance between the net and the seabed. Each site (including reef sites and control sites) was sampled Bio-economic effects of artificial reefs in China at least once per season. Because nets were occasionally lost to currents or stolen, effective sampling frequency differs by site ( Table 1 ). The nets were soaked for 24 h. The catch was brought to a lab for identification and measurement.
Data
We have chosen catch per unit effort (CPUE) and value per unit effort (VPUE) as our primary indicators to measure the bioeconomic effect of an artificial reef. These measures complement each other because CPUE describes the biological state of the resources as well as direct use values in terms food production, whereas VPUE measures the use values in monetary terms. Species-specific CPUE is calculated in kg per standard unit of effort, here defined as one trammelnet soaked for 24 h. VPUE is simply a product of CPUE (C) and price (P), either per species (i) or summed over all species caught in the same net at the same time, e.g.VPUE ¼ P s i¼1 C i Ã P i . Prices (Table 2) were collected separately from Chengyang aquatic products market, which is the largest seafood market in Qingdao, the largest coastal city in Shandong. The species-specific price is fixed in our study, reflecting the average market conditions in year 2014. The data are summarized in Table 2 . The species include both fish and invertebrates; the fish can be further separated into demersal and pelagic species.
In addition, we use species-specific mean body size as an additional measure of the biological state of the resources: if an AR results in reduced fishing mortality, then we expect mean size to increase.
Statistical analyses
We used two types of models in the analyses: species-aggregated models and species-disaggregated models. We applied mixedeffects log-linear models in both. The species-aggregated model analysed both 20 'common fish' species (species that were present at both control and reef sites) and all species. The speciesdisaggregated model is only run for the common fish species. Focusing on the common species is justified because we do not want rare and poorly sampled species to obscure the effects of ARs. We focused on the fish because our sampling with trammelnets was more suited to catch fish rather than invertebrates.
We tested a number of model specifications (e.g. including different interactions). Models were selected using the Akaike Information Criterion (AIC) (the final models are listed in Figure S1 shows examples of these structures. Mixed À effects :
The explanatory variables in the both models are categorical variables: 'reef' is coded as binary variable (with 0 for a control site and 1 for an artificial reef site), 'type' refers to fish type (demersal vs. pelagic), 'site' has three levels (Table 1) , and 'month' has five levels (September, December, January, August, and May), ordered according to the occurrence of sampling date.
In the mixed-effects models, we treat reef, month and fish type as fixed effects, but species and site as random effects, because we are interested in the specific effects of the artificial reef and five sampling months, but not in a specific species or sites. The models were estimated using the R package lme4 (Bates et al., 2015) .
Results
The overall catch characterization
There were 69 different species caught in our surveys, 42 of which were fish and 27 invertebrates. This reflects the highly mixed nature of the fisheries in Shandong, with many different species contributing to the catches (Table 3) . Over half of the species (37) were caught at both reef and control sites (hereafter referred to as the 'common species'), 26 were reef-only species, and 6 species were caught only at the control sites. Of the 37 common species, 20 were fish and 17 invertebrates ( Table 2) .
The catches from a single trammelnet placed in water for 24 h were generally low in terms of total weight, consisting of smallsized fish (Table 2 ). There is a prominent seasonal pattern in catch, with the highest CPUE achieved in autumn, followed by a strong decline towards the winter (Figure 2 ). This is true for both reef and control sites. Shandong has cold winters, and survey sites are relatively shallow (between 5-20 metres); as temperatures drop, fish tend to move to deeper waters. However, the mean body lengths appear highest in the winter (December-January; Figure 2 ). Among the control sites, the highest CPUE is observed in Rongcheng. Unlike other control sites, the Rongcheng control site has natural reefs ( Table 1) .
The common species contribute 90% to the aggregate VPUE, whereas the share for the reef-only species is only 9%. On average, the price of the species caught only in reef sites is about 1.2 times the price of the common species and 2.7 times of the species only caught at control sites. This indicates that reef sites are capable of attracting more valuable species.
The reef effect
We aggregated the data over species per net (total biomass per net) and estimated the reef effect with a log-linear model. The results suggest that artificial reefs do not improve any of the three aggregate measures, CPUE, VPUE and size (Table 4 ). There are some seasonal patterns. The most dominant feature is that CPUE in the winter months (Dec. and Jan.) and May are 30%-60% less than that in September if we count all species (Model 1, Table 4 ). The effect becomes much weaker when only common fish species are measured (Model 2, Table 4 ); instead, we found body length of the common fish species in winter and spring months are about 30% greater than that in September.
While the species-aggregated CPUE, VPUE and size did not show clear reef effects, species-disaggregated analyses for the 20 common fish species yield different results: the CPUE and VPUE of the reef sites are 40% higher compared to the control sites (Model a & b in Table 5 ). Body size shows similar tendency, but result is not significant (Model c in Table 5 ). Here, species is treated as a random effect, such that the results can be interpreting as applying for an 'average' fish species; rare and abundant species get similar weight, in contrast to the aggregate models Bio-economic effects of artificial reefs in China that are dominated by the most abundant species. Betweenspecies variation was particularly important for VPUE, with the variance of the estimated random effect exceeding that of the residuals (Table 5 ). The seasonal effects are retained in the disaggregated model: the VPUE and CPUE in December and August were 50%-60% lower and the body length in August was about 10% smaller compared to the reference month (September). Because of differences in mobility, and the closer association of demersal species with bottom structures compared to pelagic species, we expected to find a stronger reef effect for demersal species. Contrary to our expectation, we could not find any difference (i.e. non-significant reef Â demersal/pelagic interaction). However, the VPUE was 90% lower for the pelagic species (Model a in Table 5 . This difference is mainly caused by a lower price for pelagic fish, because CPUE and body size show no significant difference between fish types (Model b & c in Table 5 ).
Discussion
We have studied the biological and economic effects of artificial reefs in terms of CPUE, body length and VPUE in Shandong, China. The results are mixed: Whether species are benefiting from an artificial reef depends on the model we use and the species type (fish vs. invertebrates). In the aggregated models, where catches are aggregated across all species caught in the same net, artificial reef did not increase the total CPUE nor VPUE. By contrast, the species-disaggregated models for the 20 common fish species showed a positive result: the VPUE and CPUE of fish species in the reef sites are 40% higher.
The divergence between the two analyses is caused by two factors. First, our sampling with trammelnets is more suited for capturing fish than invertebrates. Second, and more importantly, the results suggest that species that dominate the total catch benefit less (if at all) from the deployment of artificial reefs than the average fish species do. In essence, the species-aggregated model gives weight to species in proportion to their dominance in catch, while the disaggregated model measures the mean relative effect across individual fish species. Importantly, the three most abundant species caught in control sites, the clupeid Konosirus punctatus, gadid Gadus sp., and rockfish Sebastes schlegelii, together accounting nearly 44% of the site-and month-averaged total catch, had lower CPUE at the reef sites compared to the control sites (Table 3 ). In particular, the large negative effect (-80%) of the reef for the dominant pelagic K. punctatus, and the absence of rare but relatively large-bodied Gadus from the reef sites, might be masquerading the positive reef effect for many other species. Nevertheless, the results of the aggregated models do not qualitatively change if we remove this species from the analyses (not shown). Figure 2 . Season specific mean CPUE (g/net/day) and body length (mm) by species type and site. 'All' refers to both fish and invertebrates while 'Fish' means that only fish species are included. We refer September as 'autumn', December and January as 'winter', May as 'spring' and August as 'summer'.
CPUE indicates that the densities of fish were higher at artificial reef sites than at control sites. Unfortunately, we cannot distinguish whether this is due to the attraction effect of an artificial reef, or because of different fishing patterns between reef and control sites allow the fish biomass at reef sites to partially recover through production. If overall mortality rates were lower at the reef sites compared to the control sites, we would expect them to show higher species-specific mean body size. However, while the species-disaggregated model suggests a positive effect of reefs on body size, this effect was not significant (Table 5) . Nevertheless, we observed a positive correlation (r p ¼ 0.554) between the reef effect in CPUE and in mean body size, both expressed as logratios (Supplementary Figure S2) . This suggests that the species that increased in density also increased in size, indicating a demographic response consistent with population growth enabled by lower mortality. Supplementary Figure S2 also underscores the high variability among species: some species that benefited from the reefs in terms of CPUE did not benefit in terms of size. Most likely, both the attraction and production mechanisms were occurring, with the relative importance of each mechanism depending on a species.
The average species-level improvement on VPUE and CPUE resulting from the deployment of artificial reefs was about 40% in our study. The result is in line with other studies. For example, Whitmarsh et al. (2008) found that VPUE of the reef sites in southern Portugal was 70% higher. Evidently, the exact magnitude of reef gains depends on a number of factors such as reef age, gear type, which prices are used (e.g. ex-vessel prices or market prices) and reef objective design. Kasim et al. (2013) found that hand-lining gave a higher VPUE than gillnets. Moreover, the aggregation effect of reefs may vary with their age. Researchers have found that resource abundance around the reef area tends to increase quickly in the initial years, before an equilibrium level is reached (Bohnsack and Sutherland, 1985; Wang et al., 2008) . Existing evidence suggests that the magnitude of improvement is often moderate, and that costly reef projects may sometimes be hard to justify economically (Sutton and Bushnell, 2007) . A thorough evaluation on the costs and benefits of artificial reefs is thus critical prior to their wide deployment. Our study serves as a stepping stone to pinpoint how this can be done. However, as mentioned previously, there are also other stakeholders involved in AR program. A full economic performance analysis shall also consider the producer surplus of companies and consumer surplus of other relevant stakeholders.
Our study involves some important limitations. First, the price data in this study are species-specific averages. Because fish in the reef catches were on average bigger, and because bigger fish often enjoy higher prices (Zimmermann and Heino, 2013) , our use of average prices has likely underestimated the effect of reefs on the revenue. Second, we have no data on fishing activities in the surveyed reef and control sites, which prevents us from disentangling the physical/ecological effects of reefs from how they are managed.
The AR programs in Shandong are operated under publicprivate partnerships (PPP). PPP helps to attract private funding into public projects, but public and private interests are not always in agreement. The contracted AR companies in Shandong have exclusive access rights to the area. This prevents artisanal fishers from entering the study sites, but it does not prevent the companies from fishing themselves. Unfortunately, we cannot access these data because companies are not required to report their catches. However, fishing intensity in our study area is likely moderate for two reasons: first, AR companies primarily rely on income from sea cucumber and abalone cultivation, the value of reef fish is too low to attract major interest; second, for the AR companies running recreational fisheries as an addition, they have incentive to protect the fish from over-exploitation for the sake of their business. Nevertheless, a lesson from Shandong is that the choice of operation model of an AR program shall match with its objective. If the main goal is to restore biological and ecological functions, mechanisms to avoid companies from degrading resources is critical in the design of a PPP model. As Wilson Parameters estimated on the logarithmic scale are additive; back-transformation to the natural scale gives multiplicative effects (column 'Multpl.'). The displayed models are the ones with the lowest AIC score. Reference levels are Reef: control, month: September, and site: Rizhao; significance codes: '***' p < 0.001,'**' p < 0.01, '*' p < 0.05, 'þ' p < 0.1. Significance codes were obtained using the R package lmerTest.
et al. (2002) pointed out, the artificial reefs are just one of many solutions to restore fisheries, and combining artificial reefs with instruments to reduce fishing intensity such as 'no-take zones' is essential. Islam et al. (2014) emphasized that unrestricted harvesting is the reason that ARs failed to bring economic benefits to artisanal fishermen in Malaysia.
Conclusions
We have investigated whether the deployment of artificial reefs in Shandong improves fisheries catches and revenues. Our results are mixed: in aggregate, with all fish and invertebrates combined, artificial reefs did not improve the overall catches or revenues. When we allow for species-specific differences and focus on the common fish species, we found that an artificial reef can increase the catch and value per unit effort on average by approximately 40% compared to the control sites. The difference between these results occurs because some of the dominant species that comprise the bulk of the catches did not benefit from the reef, while many of the less dominant ones did so. This underlines the importance of being specific about what is meant by "benefiting fisheries" when evaluating artificial reefs and when the objectives of reef projects are formulated in the first place. Moreover, we emphasize that artificial reef projects alone are not sufficient to balance the biological and economic goals. Restricting fishing access in the reef area is a key to achieve the biological goal of an AR program, an argument that has been reiterated also by other studies . Estimates on the logarithmic scale are additive, back-transformation to the original scale gives multiplicative effects (column 'Multipl.'). Reference levels are reef: control, month: September, site: Rizhao, and fish type: demersal. 'Obs.'¼ number of observations. Only models with the lowest AICs are displayed. Significance codes: '**' p < 0.01, '*' p < 0.05, 'þ' p < 0.1. Significance codes were obtained using the R package lmerTest.
